Introduction
Autoreactive T cells form part of the normal repertoire. The nonresponsiveness of T cells to self-antigens is controlled by several mechanisms including clonal deletion, T cell anergy, T cell ignorance, and specific regulatory T (T reg ) cells (1, 2) . One type of T reg cell, the T cell receptor (TCR) peptide-specific regulatory CD4 T cell (anti-idiotypic T cell), has been shown to play a key role in the control of autoimmune diseases (3, 4) . Anti-idiotypic T cells have been found in the unprimed immune system (5) as well as in the course of T cell or TCR vaccination in autoimmune diseases, and may arise as a consequence of the natural development of autoimmune T cells (reviewed in ref. 6 ). TCR-specific CD4 + T reg cells may control pathogenic CD4 + T cells either directly or through CD8 + TCR-specific T reg cells (3, 4, 7, 8) . The action of these TCR-specific T reg cells at the molecular level may involve either cytotoxicity against autoreactive T cells (9-11) or a shift in the cytokine phenotype of the autoimmune response (7, 10, 12, 13) . Striking similarities in the induction and characteristics of T cells specific for TCR peptides have been found in rodents and humans (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) , supporting the generality of the observations. Anti-TCR Ab's may constitute another significant level of regulation, but their occurrence and regulatory role have been poorly investigated, mainly in studies on TCR vaccination (14) (15) (16) (17) (18) (19) . Such Ab's may occur spontaneously at low levels in some healthy human sera and at higher levels in patients with rheumatoid arthritis and systemic lupus erythematosus (15) . They were generally undetectable in MS patients (16, 17) and were found in Serum anti-T cell receptor (TCR) Ab's are involved in immune regulation directed against pathogenic T cells in experimental models of autoimmune diseases. Our identification of a dominant T cell population expressing the Vβ5.1 TCR gene (TCRBV5-1), which is responsible for the production of pathogenic anti-acetylcholine receptor (AChR) autoantibodies in HLA-DR3 patients with earlyonset myasthenia gravis (EOMG), prompted us to explore the occurrence, reactivity, and regulatory role of anti-TCR Ab's in EOMG patients and disease controls with clearly defined other autoantibodies. In the absence of prior vaccination against the TCR, EOMG patients had elevated anti-Vβ5.1 Ab's of the IgG class. This increase was restricted largely to EOMG cases with HLA-DR3 and with less severe disease, and it predicted clinical improvement in follow-up studies. EOMG patient sera containing anti-TCR Ab's bound specifically the native TCR on intact Vβ5.1-expressing cells and specifically inhibited the proliferation and IFN-γ production of purified Vβ5.1-expressing cells to alloantigens in mixed lymphocyte reaction and the proliferation of a Vβ5.1-expressing T cell clone to an AChR peptide, indicating a regulatory function for these Ab's. This evidence of spontaneously active anti-Vβ5.1 Ab's in EOMG patients suggests dynamic protective immune regulation directed against the excess of pathogenic Vβ5.1-expressing T cells. Though not sufficient to prevent a chronic, exacerbated autoimmune process, it might be boosted using a TCR peptide as vaccine.
some studies (18) but not others (19) in experimental autoimmune encephalomyelitis (EAE) before vaccination against autoreactive T cells. They were consistently elevated after T cell or TCR vaccination in mice (18, 19) , though rarely in vaccinated MS patients (9, 10, 17) . Recently, however, such patients proved to have B cells producing anti-idiotypic anti-TCR Ab's of the IgM class, with indications of potential regulatory properties (16) .
Most of these studies have focused almost exclusively on T cell-mediated autoimmune diseases such as MS. For extending them to autoantibody-mediated disorders, myasthenia gravis (MG) provides a prototypic model (20) (21) (22) with particularly well-defined target molecules (23, 24) , patient subgroups, and immunopathology (20, 25, 26) . The pathogenic autoantibodies to the muscle acetylcholine receptor (AChR) cause AChR loss and defective neuromuscular transmission (27, 28) . In patients with early-onset MG (EOMG; before age 40), there are strong female and HLA-DR3-B8 biases (20, 26, 29) . Remarkably, there is also characteristic thymic hyperplasia with medullary germinal centers (30) (31) (32) . Moreover, these thymi also contain all the partners required for autoantibody responses, including AChR (33) (34) (35) and activated AChR-sensitized T and B cells (36) (37) (38) (39) (40) (41) . Indeed, the symptoms generally improve after thymectomy in EOMG (25, 31, 42) . We have pinpointed a subpopulation of thymic T cells expressing the Vβ5.1 TCR gene; these are expanded in the thymi of HLA-DR3 + MG patients and are preferentially located in the germinal centers, indicating participation in the autoantibody response (43) . The pathogenicity of this cell population has been demonstrated in chimeric humanized SCID mice transplanted with MG thymic cells (44) ; the injection of anti-Vβ5.1 Ab's prevented AChR loss and complement deposits at muscle end plates. Thymic cells depleted of Vβ5.1-positive cells prior to cell transfer were nonpathogenic, indicating that Vβ5.1-positive cells are involved in the production of pathogenic autoantibodies (44) .
Taking advantage of this well-characterized pathogenic T cell population in EOMG patients, we have investigated immune regulation directed at TCR determinants in EOMG patients. We have found high levels of anti-Vβ5.1 IgG Ab's in HLA-DR3 + MG patients, providing conclusive evidence for their spontaneous increase in the absence of prior TCR vaccination. Our data suggest that there is a natural regulatory process involving B cells directed at TCR determinants that may be boosted by TCR peptide vaccines, with potential implications for the treatment of MG.
Methods
Patients and clinical evaluation. With informed consent and Ethical Committee approval (Comité Consultatif de Protection des Personnes dans la Recherche Biomédicale, Kremlin Bicêtre, France), we studied MG patients undergoing thymectomy and followup at the Centre Chirurgical Marie-Lannelongue (Philippe Levasseur and Cyril Gaud, Department of Thoracic Surgery). They were selected using precise biological and clinical criteria to ensure comparability in a homogeneous patient group. All the patients were young (14 to 40 years of age) with recent disease onset (3 months to 1 year) at the time of thymectomy, with a hyperplastic thymus, a high anti-AChR Ab titer (>10 nM), and generalized disease (i.e., affecting more than just the ocular muscles). About 80-90% of the MG patients in this group consistently are HLA-DR3 + , when recruited consecutively. Therefore, to make comparisons between HLA-DR3 + and HLA-DR3 -patients possible, we deliberately recruited a larger number of HLA-DR3 -patients meeting the same criteria as the HLA-DR3 + patients. This strategy, selecting for recent disease and homogeneous clinical and biological criteria, has already been used to obtain comparable data for patients in the identification of pathogenic T cells (44) . MG patients on prior corticosteroid treatment, which may influence immune function, were excluded from the study. In addition, we also tested sera from patients with other neurologic diseases and clearly defined autoantibodies other than anti-AChR including anti-GAD Ab (stiff man syndrome), anti-VGCC Ab (Lambert Eaton myasthenic syndrome), anti-GQ1b Ab (Miller Fisher syndrome), anti-GM1 Ab (Guillain Barré syndrome), anti-Hu and anti-Yo Ab (paraneoplastic disease), and anti-VGKC Ab (acquired neuromyotonia) (from the infirmary of John Radcliffe Hospital). Sera from agematched blood donors served as healthy controls. All MG patients were HLA-typed by a PCR method (45) and their anti-AChR Ab titer was determined at Hôpital Necker using human muscle AChR conjugated with 125 I-α-bungarotoxin as the antigen (46) . Serum IgG was titrated by immunoturbidimetry (Turbitimer; DadeBehring Inc., Deerfield, Illinois, USA). Disease severity was graded before knowledge of serological or HLA status and independently of our biological investigation by the same neurologist (Cyril Gaud) before and after thymectomy according to the Myasthenia Gravis Foundation of America (MGFA) clinical classification: class II, mild generalized muscle weakness; class III, moderate generalized muscle weakness; and class IV, severe generalized muscle weakness (47) . Many patients also had ocular muscle weakness; those with bulbar muscle involvement are designated IIb, IIIb, or IVb, and those without are designated IIa, IIIa, or IVa (47) .
Electromyography. Electromyographic studies were performed as previously described (48) by repetitive cubital nerve stimulation for 0.2 ms at a frequency of 20 cycles/s for 90 s (1,800 stimulations), recording at the muscle of the hypothenar eminence. This protocol is routinely used at Marie Lannelongue Hospital on large numbers of healthy controls and MG patients, resulting in the accurate calibration of normal values in our experimental conditions. The amplitude and the latency of the response were measured. Normal values were around 40% for amplitude and about 1.0 ± 0.1 ms for latency. In MG patients, amplitude decreased to less than 40% and the latency of the response was greater than normal.
Peptides. We selected TCR Vβ5.1, Vβ6.7, and Vβ14 peptides on the basis of their predicted immunogenicity using Epiplot (http://solea.quim.ucm.es/∼mag/) and Antheprot (http://antheprot-pbil.ibcp.fr/) software, plus the TCR amino acid sequences available from the International ImMunoGeneTics database (IMGT) website. The peptides were synthesized by Neosystem SA (Strasbourg, France). According to the nomenclature of IMGT, TCR Vβ5.1 CDR2 peptide (TPGQGLQFLFEYF-SETQRNKG) contains portions of the framework 2 and framework 3 regions and complementarity-determining region 2 (CDR2). The adjacent TCR, Vβ5.1 CDR1 (CSPISGHRSVSWYQQT), includes the CDR1 region. Lyophilized peptides (purity greater than 95%) were dissolved in sterile water and stored frozen in aliquots at -20°C until use. As controls, we used immunogenic peptides containing the CDR2 region of TCR Vβ6.7 (PGKGLRLIYYSVAAALTDKG) and TCR Vβ14 (VMGKEIKFLLHFVKESKQDES): these TCRs have frequencies similar to Vβ5.1 and no bias in frequency in thymic versus peripheral blood T cells and thus no sign of involvement in EOMG, unlike Vβ5.1. A peptide containing the CDR2 of mouse IgG (ASRNKANDYTTEYSASVKGRFIVS) was used as an irrelevant peptide (49) .
Detection of anti-TCR Ab's by ELISA. Sera, stored at -40°C, were heat-inactivated at 56°C for 30 minutes, dispensed in aliquots, and stored frozen at -20°C. Sera were serially diluted from 1:10 to 1:5000 and tested in duplicate wells. MaxiSorp Nunc plates (Polylabo Merck Eurolab SA, Fontenay sous Bois, France) were incubated with 1 µg of peptide in 200 µl of 0.05 M carbonate-bicarbonate solution, pH 9.6, for 60 minutes at 37°C and overnight at 4°C. The wells were washed three times with PBST (PBS, 0.01% Tween 20) and incubated sequentially for 1 hour at 37°C with 200 µl of: blocking solution (PBST, 5% BSA), diluted serum, biotinylated goat anti-human IgG Ab (1:5,000; Jackson, Beckman Coulter, Marseille, France), and streptavidin-peroxidase (1:10,000; Immunotech, Beckman Coulter, Marseille, France), with three PBST washes between each step. After a final wash with PBS, the color was developed at room temperature with o-phenylenediamine dihydrochloride substrate (OPD; Sigma-Aldrich, Saint Quentin Fallavier, France) and H 2 O 2 and stopped with 3 N HCl. OD was measured at 490 nm using an automated microplate reader (Titertek Multiscan; Thermo Labsystems, Cergy Pontoise, France). Titers were derived from the linear portion of the curves and were defined as the reciprocal of the dilution at which the OD value was 0.2 (see inset in Figure 1a) . Any values below this range were assigned an arbitrary titer of 20. Total IgG's were purified from the sera of MG patients by affinity chromatography on protein G-Sepharose (Amersham Pharmacia Biotech, Saclay, France). They were tested by the ELISA method, as described above. The specificity of the ELISA was evaluated by incubating the sera or total IgG with various quantities of Vβ5.1 CDR2 peptide (0-250 nM) for 1 hour at 37°C before adding the mixture to wells coated with the CDR2 peptide and going through the ELISA procedure.
Surface plasmon resonance procedures. Biacore measurements were performed with a Biacore J apparatus (Biacore AB, Uppsala, Sweden). The CM5 sensor chip, the amine coupling kit, and HBS-Ep Biacore buffer (0.01 M HEPES, 3 mM EDTA, pH 7.4, 0.15 M NaCl, and 0.005% vol/vol surfactant P20) were obtained from Biacore AB. All experiments were performed at 25°C and HBS-Ep was used as the running buffer. Vβ5.1 CDR2 peptide was coupled to BSA (Perbio Science France, Bezons, France) with glutaraldehyde (50). The sensor chip was activated by application of a v/v mixture of N-hydroxysuccinimide (0.4 M) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlorid (0.1 M) at a flow rate of 30 µl/min for 6 minutes. Vβ5.1 CDR2 peptide coupled to BSA was then immobilized on the CM5 sensor chip at a concentration of 100 µg/ml in 10 mM acetate buffer (pH 4.5) at a flow rate of 30 µl/min for 6 minutes. The peptide was stabilized with 1 M ethanolamine applied at a flow rate of 30 µl/min for 6 minutes, as described by the manufacturer (Biacore AB, Uppsala, Sweden), resulting in a mean signal of 4,363 resonance units on flow cell 1. BSA (100 µg/ml in acetate buffer, pH 4.5) was immobilized at a flow rate of 30 µl/min for 6 minutes on flow cell 2; this was used as a control for nonspecific binding and bulk effects. Each sample (serum or purified IgG) was diluted in HBS-Ep Biacore buffer supplemented with 1 mM carboxymethyldextran (Sigma-Aldrich) to reduce nonspecific binding to the sensor chip surface, and then injected at a flow rate of 15 µl/min for 3 minutes, followed by dissociation in buffer flow. After the dissociation phase, the sensor chip was regenerated by injecting 15 µl of 1 mM NaOH at a flow rate of 15 µl/min for 1 minute. We tested the specificity of anti-Vβ5.1 binding by preblocking the purified IgG or serum for 30 minutes at 37°C with various quantities (0 to 70 nM) of the Vβ5.1 CDR2 peptide coupled to BSA before loading as described above. We observed no significant nonspecific binding, but we nonetheless subtracted the background on flow cell 2 from the sensorgrams prior to analysis, using Biaviewer version 3.1 software (Biacore AB).
T cell proliferation assays. Clone PM-A1 (Vβ5.1 T cell clone) was maintained by restimulation with recombinant AChR (α3-181) (0.05 µg/ml) plus irradiated subtype 0401 HLA-DR4 + peripheral blood lymphocytes every 13-15 days, and expansion with IL-2 every 3-4 days thereafter, as previously described (51) . For proliferation assays, 3 × 10 4 well-rested T cells were cultured in duplicate with 1 × 10 5 to 2 × 10 5 irradiated peripheral blood lymphocytes plus the α3-181 AChR in RPMI 1640 medium (Sigma-Aldrich) in the presence or absence of serum from HLA-DR3 + and HLA-DR3 -EOMG patients for 48 or 72 hours. In the mixed lymphocyte reaction (MLR) inhibition assay, responder cells were purified according to their TCR expression using FITC-conjucated anti-Vβ Ab's (Immunotech, Beckman Coulter) and anti-FITC beads (Miltenyi Biotec, Paris, France) and then incubated overnight at 37°C in culture medium to allow proper expression of TCR. Purified responder cells (2 × 10 4 ) were treated with serum (1:50 in RPMI 1640 medium) from HLA-DR3 + EOMG patients or from healthy controls at 4°C for 2 hours, then washed with medium three times. As a control in the MLR inhibition assay, the responder cells were treated with medium alone. The proliferation assay was carried out using the serum-treated responder cells and 1 × 10 5 irradiated (90 Gy) stimulator peripheral blood lymphocytes (pooled from five healthy donors) in 200 µl RPMI 1640 supplemented with 10% AB serum. Cells were plated in 96-well round-bottomed microtiter plates at 37°C in an incubator in 5% CO 2 . On day 5, supernatants from triplicate wells were harvested and frozen at -80°C for later cytokine analysis and the cells were incubated with 1 µCi [ 3 H]thymidine (6.7 µCi/mM) for 18 hours. Cells were then harvested and 3 H incorporation was determined by liquid scintillation counting.
Cytokine-specific ELISA. IFN-γ and IL-4 levels in MLR culture supernatants were determined using sensitive ELISA kits (IL-4 from Amersham Biosciences Europe, Orsay, France; IFN-γ from Pierce Endogen, Perbio Science France) according to the manufacturers.
Flow cytometry. The binding of anti-TCR Ab to intact T cells was assayed by flow cytometry. In all cases, cells to be labeled were determined to be at least 90% viable and 1 × 10 6 cells were used. Cells were incubated for 2 hours on ice with purified IgG from control and MG sera, preblocked or not with the Vβ5.1 CDR2 peptide as described above. For staining amplification, after incubation with biotinylated human anti-IgG Ab, the cells were incubated sequentially for 10 minutes at room temperature with streptavidin-HRP, biotinylated tyramide in amplification medium, and streptavidin-PE, following the manufacturer's instructions (EAS kit, Flow-Amp System Ltd.; Beckman Coulter, Marseille, France). Cells were washed and resuspended in 300 µl PBS. The fluorescent staining of the cells was measured using a FACScan (Becton, Dickinson and Co., Le Pont de Claix, France). Data were analyzed with CellQuest software (Becton, Dickinson and Co.). Intact cells were gated and 100,000 events were collected; the D/s(n) value (calculated from Kolmogorov-Smirnov statistics and defined as an index of similarity for two curves) was used in the analysis of flow cytometry data.
Statistical analysis. The nonparametric Mann-Whitney test was used throughout for comparison between patient subgroups, and the Kolmogorov-Smirnov test was used for flow cytometry data analysis.
Results and Discussion
This study addresses the fundamental questions of whether regulation directed at TCR determinants occurs spontaneously in the absence of prior vaccination in
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The (Figure 1a) . Similar data were obtained with a TCR Vβ5.1 CDR1 peptide, although the titers were often slightly lower (not shown). Therefore we focused on the CDR2 peptide, knowing that the CDR2 region is clearly highly antigenic and exposed in TCRs on the cell surface and that an isolated CDR2 peptide might adopt a secondary structure similar to that of the native CDR2 region from which it was derived (52). Evidently, these Ab's to CDR2 peptide are increased spontaneously and early in the course of EOMG (all patients had recent disease development, less than 1 year ago), indicating a coincident event with disease development as already discussed for T reg directed to TCR (6) . Moreover, the anti-Vβ5.1 titers were significantly higher in patients with HLA-DR3 (mean titer ± SEM, 305.5 ± 48.7, median 250) than in those without (mean value 156.8 ± 15.9, median 145) (P < 0.04) (Figure 1b) , as predicted from the selective involvement of pathogenic Vβ5.1 + T cells in HLA-DR3 + patients (43, 44) .
We next assessed disease specificity by testing for anti-Vβ5.1 Ab's in patients with other autoimmune syndromes and autoantibodies to clearly defined targets other than AChR. Their anti-Vβ5.1 Ab titers proved to be significantly lower (mean titer ± SEM, 129.1 ± 7.8, median 135; P < 0.01) (Figure 1a) . Moreover, this Ab response was also Vβ5.1-specific: there was no significant recognition of analogous CDR2 peptide from the Vβ6.7 and Vβ14 sequences even in HLA-DR3 + cases ( Figure 1, c and d) , and only marginal reactivity with an IgG CDR2 peptide, regardless of HLA-DR3 status (not shown). Thus, HLA-DR3 + MG patients presented a specific increase in the titer of anti-Vβ5.1 Ab's. The higher titers of anti-Vβ5.1 Ab's in HLA-DR3 + MG patients than in HLA-DR3 -MG patients and healthy controls, but not of anti-Vβ6.7 and anti-Vβ14 Ab's, provides further evidence of a link between HLA-DR3 background and Vβ5.1-expressing cells.
Our data are consistent with data from previous studies on EAE and MS patients demonstrating the presence of Ab's directed against CDR2. Specific anti-TCR Ab's represent only a small fraction of serum Ig's, which may account for the difficulties in detecting them. Indeed such Ab's were generally detected only in TCR peptide-immunized individuals (16) (17) (18) (19) . In contrast, we detected a spontaneous increase in the levels of such Ab's in MG patients in the absence of immunization, consistent with the notion that these Ab's are induced naturally during the course of the disease. Other studies have reported the presence of Ab's against the CDR1 but not the CDR2 peptide in systemic lupus erythematosus and rheumatoid arthritis patients (15) , and during the course of viral infection in mice and humans (53) (54) (55) . These differences may be due to the arbitrary scanning of the whole TCR chain and the use of synthetic 16-mer peptides overlapping by five residues, an approach that may miss potential immunogenic regions (15, 56) . In contrast, we used a candidate peptide approach involving the use of prediction software to identify immunogenic epitopes. Recently, anti-CDR3 Ab's (anti-clonotypic Ab's) were also found in MS patients following immunization with TCR peptides (16), indicating diversity of the anti-TCR humoral response. This diversity has also been shown for the anti-TCR T cell immune response, which targets many immunogenic TCR regions, including the CDR3 region (4) (5) (6) 8) . Therefore cellular and humoral immunity against all immunogenic TCR regions, including CDR1, CDR2, and CDR3, probably occurs in healthy individuals and may be increased in patients. The mechanism of their triggering is still debated and remains to be elucidated (4) (5) (6) .
Almost all the anti-Vβ5.1 binding activity detected by ELISA proved to be in the IgG fraction eluted from protein G (Figure 2a) , and it was clearly blocked by preincubation with the CDR2 peptide (Figure 2b ), indicating that the IgG anti-Vβ5.1 binding activity of MG sera was specific. In addition we were able to detect peptideAb complex formation in real time by surface plasmon resonance analysis, although it was clear that these specific anti-TCR Ab's may represent a small fraction in a complex mixture of Ab's with different binding characteristics. Both sera and purified IgG dose-dependently bound to immobilized Vβ5.1 peptide (Figure 2c ). Again binding was blocked by preincubation with the BSA-conjugated Vβ5.1 CDR2 peptide (Figure 2d ).
An important issue was to determine whether circulating anti-Vβ5.1 Ab's from patients would specifically bind to the intact TCR on the surface of T cells. Since the anti-Vβ5.1 Ab's may represent a small fraction of the total IgG, we used staining amplification and flow cytometry analysis to show that purified IgG from MG sera indeed bound the intact TCR on the surface of purified Vβ5.1-expressing T cells (Figure 2, e-g ). The fluorescent signal was significantly higher using purified IgG's from HLA-DR3 + MG sera with high anti-Vβ5.1 titer compared with purified IgG's from control sera (Figure 2, e and f) . Using Kolmogorov-Smirnov statistics, by comparison with the negative control staining, the calculated D/s(n) values were 108.44 (P < 0.001) and 66.66 (P < 0.001) for MG1 and MG2 patients respectively ( Figure 2f ) compared with 32.51 (P < 0.001) and 27.36 (P < 0.001) for the two healthy controls C1 and C2 respectively (Figure 2e) . Interestingly, the highest median channel shift was observed with the MG serum showing the highest anti-Vβ5.1 Ab titer (MG1). In addition, the staining was specific since it was significantly inhibited by preincubation of the purified IgG's with the Vβ5.1 CDR2 peptide, as assessed by a significant shift in the fluorescent signal, which had a D/s(n) value of 48.44 (P < 0.001) (Figure 2g ). These data strongly suggested that anti-Vβ5.1 Ab's could have a functional role mediated by binding to the intact TCR on the cell surface.
It should be mentioned that in addition to IgG, IgM directed against the Vβ5.1 CDR2 peptide was detected but showed similar levels in controls and EOMG patients with or without HLA-DR3 (not shown). The detection of IgG directed against the CDR2 peptide, in addition to IgM (and at higher levels in a particular subgroup of patients), is consistent with the view that anti-TCR Ab's are actively produced and their increase is induced during the course of the disease. The successful detection of anti-TCR Ab's directed against the CDR2 region at low levels in healthy controls (and at increased levels in MG patients) indicates that anti-TCR Ab's are present before the onset of the disease, as already demonstrated for anti-TCR T reg cells (4) (5) (6) .
Our results contrast with those of studies of MS in which anti-TCR Ab's directed against CDR2 were detected, but only after immunization with TCR peptides, in only two of 11 patients (17). However, while most of the patients in that MS study were HLA-DR2 + , the authors did not select their patients, most of whom had chronic progressive disease of long duration (mean of 18 years) and late onset. These factors could all decrease the prevalence of such anti-TCR Ab's. The authors also used a less sensitive ELISA (direct rather than indirect detection). Only after B cell isolation (EBV cell lines) from vaccinated patients was the occurrence of anti-idiotypic humoral response (at least of the IgM class) shown (16) . Our study is the first to show an increase in the titer of anti-TCR Ab's of the IgG class in the absence of TCR peptide immunization in patients with an autoimmune disease. This was made possible by selecting a homogeneous group of patients and focusing on a pathogenic Vβ5.1-expressing T cell population expressing a disease-relevant TCR that may be targeted by these anti-TCR Ab-mediated regulatory mechanisms. The pathogenic T cells continuously generated by the thymus (43, 44) may well be involved in the increase of these anti-TCR Ab's to high levels.
Anti-Vβ5.1 Ab titer correlates with disease severity and outcome. We investigated the potential effects of the anti-TCR Ab's by analyzing their clinical correlates. No correlation was found with anti-AChR Ab titers (not shown), which themselves are well known to correlate poorly with disease severity (20, 25, 28) . Interestingly, 11 of the 12 (92%) HLA-DR3 + patients with mild (class II) disease showed elevated anti-Vβ5.1 Ab titers versus only one of nine (11%) with moderate or severe (class III and IV) disease (P < 0.0004) (Figure 3a) . The higher anti-Vβ5.1 Ab levels in the patients with mild disease indicate that they may have a protective role.
We further investigated the function of the anti-TCR Ab's by monitoring anti-Vβ5.1 Ab levels periodically after thymectomy in four patients with HLA-DR3 and in two without. As shown in detail for representative patients, a transient rise in titer coincided with a regression of the electromyographic signs (which are objective evidence of the clinical state) in HLA-DR3 + patients only (Figure 3b) , and preceded a reduction of bulbar weakness and clinical improvement as assessed by disease grading. This rise was not observed in HLA-DR3 -patients, although both HLA-DR3 + patients and HLA-DR3 -patients showed improvements in symptoms 6 months to 1 year after thymectomy (Figure 3b) . Although BV5S1 has been implicated in the SCID mouse model as disease-associated in HLA-DR3 + MG patients, it should be mentioned that other BV genes could also potentially be involved and might induce Ab's as well, both in HLA-DR3 + and HLA-DR3 -patients. This may explain the fact that HLA-DR3 -patients also improve clinically after thymectomy, even though no changes in anti-Vβ5.1 Ab's are detected.
A balance between regulators and pathogenic effectors has already been discussed in the course of EAE (12, 57) . Similarly, in MG, the increase in anti-Vβ5.1 Ab titer after thymectomy is in accordance with the establishment of a new balance between regulatory mechanisms (TCR peptide-reactive regulatory cells and Ab's) and pathogenic Vβ5.1-expressing cells following elimination of their source by thymectomy. While the thymus is also a source of regulatory T cells that can decrease total Ig production (1, 2), their loss seems an unlikely explanation for the present findings, because total serum IgG levels remained constant after thymectomy (Figure 3b) . The observation of a transient rise in anti-CDR2 Ab titers in parallel with the improvement of disease symptoms is in accordance with our observations in experimental autoimmune MG (work in progress). This is also in agreement with studies in EAE showing that anti-Vβ8.2 CDR2 peptide (p39-59) Ab levels continue to increase for several days after challenge with myelin basic protein, reach a peak at the height of clinical improvement, and decrease to low levels after recovery from disease (18) .
Overall, these data demonstrate that anti-TCR Ab levels vary with the clinical state of the patients. High anti-Vβ5.1 Ab titers are associated with a better clinical state, and hence better control of the disease, strongly suggesting a functional protective role of these Ab's. Therefore anti-TCR Ab's produced naturally during the course of MG may act as regulators of the disease, controlling and targeting the excess of Vβ5.1 pathogenic T cells.
A functional role for anti-Vβ5.1 Ab's. Finally we tested for functional effects on proliferative responses of an AChR-specific T cell clone expressing Vβ5.1 (PM-A1) previously derived from the thymus of an EOMG patient (51) . Sera from EOMG patients with HLA-DR3 (with high anti-Vβ5.1 Ab titers) inhibited these responses dose-dependently (Figure 4b) , and more consistently and efficiently (36-74%) than those without (with low anti-Vβ5.1 Ab titers) (18-37%) (P < 0.002; Figure 4a ), again indicating a regulatory role. No correlation was found between the antiAChR Ab titer and the inhibitory activity of MG sera, indicating that anti-AChR may not contribute to the inhibitory effect of the sera. These data are consistent with the inhibitory activity of anti-TCR Ab's observed in the recovery phase of EAE (18) and in MS patients immunized with the TCR peptide (16) . Our results extend these observations to human MG. The more potent inhibition mediated by HLA-DR3 + MG sera than by HLA-DR3 -sera strongly suggests a regulatory role for anti-Vβ5.1 Ab's.
In order to examine whether MG sera are able to inhibit the activation of T cells expressing a BV gene other than BV5S1, we designed an MLR-based assay using purified T cell populations expressing different TCRs as responder cells against a pool of allogeneic cells from healthy donors as stimulator cells; we used MG sera or control sera as potential inhibitors of this MLR. Only the serum fraction bound to T cells acted in this assay, since washes were introduced after preincubation of responder T cells with serum before adding the stimulator cells. We show that the MG sera and not the control sera fractions inhibited the MLR and that this effect was indeed specific for the Vβ5.1-expressing cells, since it was not observed with purified Vβ2-expressing cells ( Figure  4c ) or Vβ14-expressing cells (data not shown). A similar elegant MLR assay has been used previously to show that the mechanism of immunotherapy for maintaining pregnancy in recurrent spontaneous aborters treated by paternal lymphocytes is mediated by anti-TCR Ab's (58) . In addition, the MG sera inhibited IFN-γ secretion as quantified by ELISA in culture supernatants in the course of this MLR (Figure 4d) . We also attempted to quantify IL-4, but the levels were very low and under the lower detection limit of the calibration curve (data not shown). Thus, using this MLR inhibition assay we demonstrated both the specificity of action toward Vβ5.1-expressing cells and a functional effect of MG sera, i.e., inhibition of cell proliferation and IFN-γ secretion inhibition.
However, it can be predicted that the in vivo situation may be much more complicated. Several mechanisms of action of anti-TCR Ab's could be hypothesized: a direct binding to the TCR that inhibits the TCR-peptide-MHC interaction, a functional inactivation without physical destruction (anergy), a specific deletion of pathogenic Vβ5.1-expressing cells, or an immune deviation. The last two possibilities were shown to be effective in the SCID mouse model of MG when introducing an exogenous therapeutic monoclonal anti-Vβ5.1 Ab (44) . From the present study, it is clear that anti-Vβ5.1 Ab's from MG sera are able to bind intact TCR on T cells, and that this binding mediates inhibition of both cell proliferation and cytokine secretion, whatever the antigen, autoantigen, or alloantigen, strongly suggesting that the anti-Vβ5.1 Ab's are absorbed by Vβ5.1-expressing T cells within the patients themselves. In any case, the in vivo mechanism of action of anti-TCR Ab's that are spontaneously increased in the course of the disease remains to be elucidated. This question is now being addressed in the experimental model of MG where it is possible to perform physiological experiments in whole animals (namely transfers).
Conclusions and perspectives. It is well established that the development of autoimmune diseases hinges on the dynamic balance between effector and regulatory mechanisms, i.e., between self-reactive pathogenic T or B cells and regulatory T cells (1, 2) . This demonstration of a spontaneous increase in the titer of anti-Vβ5.1 Ab's of the IgG isotype provides new insights into the natural mechanism regulating pathogenic autoreactive T cells in MG and indicates that anti-Vβ5.1 Ab's play a protective role in MG patients. Their presence, and the changes in their titer during the course of the disease, may reflect an immune response to pathogenic T cells expressing the Vβ5.1 gene according to an immune-surveillance mechanism. How these anti-TCR Ab's are raised is presently unknown, but the mechanism may rely on T cell homeostasis that maintains the overall size of the T cell pool and the frequency of each T cell population at constant levels (59, 60) . Anti-Vβ5.1 Ab's may act as regulators of the disease, targeting and controlling the excess of pathogenic Vβ5.1-expressing T cells. However, there may be too few of these protective regulatory Ab's to control or halt a chronic, exacerbated autoimmune process, and it may therefore be necessary to boost the production of these protective Ab's using peptides derived from Vβ5.1 as vaccines. Our results do not indicate whether MG patients are deficient in this process of immune surveillance, but they do support the notion that the vaccination of MG patients with TCR peptides is feasible and potentially useful. The titer of anti-TCR Ab's may increase in HLA-DR3 + MG patients during a dynamic process designed to counteract the autoimmune response and aimed at controlling the excess of pathogenic T cells expressing Vβ5.1. They may play a protective role in MG, helping to control the autoimmune reaction, with high anti-Vβ5.1 Ab titers predictive of a favorable outcome in MG patients. This hypothesis, which is currently under investigation in experimental models of MG, is supported by our preliminary data.
The fact that the titers of these anti-TCR Ab's increase not only in autoimmune diseases (experimental and human) (15, (17) (18) (19) , but also during the course of viral infections (53) (54) (55) or alloimmunization (58) , supports the concept that the increase in anti-TCR Ab titer may play a role not only in the regulation of autoimmune responses (and diseases), but also more generally in the regulation of any immune response. We are currently investigating this possibility in an immune response model to elucidate the possible function of anti-TCR Ab's in immunoregulation and their relationship to T reg cells. Indeed, it is now demonstrated that TCR-reactive T cells define a subset of the so-called regulatory T cells that possess T reg activity and are deficient in MS patients (61) , providing a link between regulatory anti-TCR Ab's and regulatory anti-TCR T cells.
